The CERN RD50 Collaboration "Radiation hard semiconductor devices for high luminosity colliders" is undertaking a massive R&D programme across High Energy Physics (HEP) Experiments boundaries to develop silicon sensors with increased radiation tolerance. Highest priority is to provide concepts and prototypes of high performance silicon sensors for the High-Luminosity Large Hadron Collider (HL-LHC) Experiments at CERN and other future HEP Experiments operating in severe radiation environments. This paper gives an overview of the RD50 collaboration activities and describes some examples of recent developments. Emphasis is put on the characterization of microscopic radiation induced defects and their impact on the sensor performance, the evaluation and parametrization of electric fields inside irradiated sensors, progress in device modeling using TCAD tools, the use of p-type silicon as strip and pixel sensor material and finally the first steps towards the exploitation of impact ionization (charge multiplication) in irradiated sensors.
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Introduction
The upgrade of the LHC towards the HL-LHC [1] with increased luminosity is envisaged for the years 2023 to 2025. Unprecedented radiation levels will be reached for the inner tracking detectors which correspond to about 2 × 10 16 n eq cm −2 for the inner pixel layers and 1 × 10 15 n eq cm −2 for the innermost strip sensor layers when the anticipated integrated Luminosity of 3000 f b −1 has been reached. RD50 is an international collaboration with 49 participating institutes and 270 members, working on the development of radiation tolerant semiconductor sensors for such high radiation environments [2] . A very comprehensive research program is undertaken by RD50. It starts with the characterization of radiation induced microscopic defects, includes mitigation approaches based on material and device engineering as well as device geometry optimization studies and finally ends with the use of presently available high speed electronic readout chips to characterize sensor performance under most realistic conditions. In all these activities a very close link is kept with the corresponding R&D activities in the HEP Experiments. In the following some recent results are presented that represent only part of the overall work program.
Defect Characterization
The major source for the radiation induced degradation of silicon sensor performance is the formation of microscopic defects in the semiconductor crystal bulk of the device. Extensive work has been performed over recent years within the RD50 community to identify the defects that cause the various degradation phenomena on the sensor level [3] . The most relevant defects are listed in Table 1 . It was for example shown that the defects H(116K), H(140K) and H(152K) are responsible for the so-called reverse annealing, while the defect E(30K) and BD play a major role in the production of positive space charge during irradiation. The latter are the reason why differences in the effective doping concentration N e f f are observed on the one hand between proton and neutron irradiated silicon detectors and on the other hand between oxygen rich and oxygen lean silicon materials. Finally the defects E4 and E5 are the main reason for the high leakage current after hadron irradiation, while the defect I p contributes with negative space charge and leakage current and is relevant after gamma and low energy electron irradiation. Recently, focus was given to the question as to which electron energy is needed to produce extended defects (clusters) in silicon [8] . Figure 1 gives an example of this work. Detectors made from different silicon materials have been exposed to electrons with energies between 1.5 and 15 MeV and investigated by means of TSC (Thermally Stimulated Current) and other methods. It was found that for 1.5 MeV electrons only point defects were produced, while for an electron energies of 3.5 MeV and above extended defects identical to those observed after hadron irradiation become visible. Identical to the situation in hadron irradiated silicon, these extended defects do not show a dependence on the oxygen content of the material as is shown in Figure 1 (b) on the example of the H-defects responsible for the reverse annealing. The oxygen related point defects, like the E(30K) defect, depend as expected on the oxygen content of the material. The ratio of point defects like VO towards the higher order defects like V 2 and V 3 could be determined as function of electron energy. higher generation in oxygen rich material; higher generation after proton than after neutron irradiation [4] .
Bistable Thermal Double Donor TDD2; electron trap with donor levels in the upper half of bandgap; introducing positive spacecharge; strongly produced in oxygen rich material [5] .
V 2 O or carbon related defect with donor and acceptor level; introducing negative spacecharge and leakage current; strongly generated in oxygen lean material [4] .
E4 E5
Acceptor levels assigned to the double and single charged acceptor states of V 3 ; generating leakage current [6] .
Acceptor levels; extended defects (clusters of interstitials or vacancies); introducing negative spacecharge [7] . Table 1 : List of radiation induced defect levels with a major impact on silicon sensor performance. Given are the defect labels, the cross sections σ n and σ p for electrons and holes, the energy level in the band gap E A with respect to either the conduction (E C ) or the valance (E V ) band and a very brief description of the impact on the sensor.
fact that the leakage current Non-Ionizing-Energy-Loss (NIEL) scaling is much better explained by an effective NIEL [9] than by the classical NIEL hypothesis gives rise to further work in order to improve the NIEL scaling approach for all damage calculations.
Device Simulations
With the growing knowledge on the defects responsible for the radiation induced sensor degradation and the availability of sophisticated commercial TCAD device simulation tools, simulations are rising in importance to study, understand and predict radiation damage effects in silicon devices. The impact of several radiation induced defect levels as well as e.g. impact ionization effects in high field regions or the importance of radiation induced changes of the oxide charge densities can accurately be modeled without the need to study the mathematical background of finite element modeling. Within RD50 a working group on device simulations was recently formed to exploit this technique. In a first step simulations of the double junction effect [10] were performed on the basis of existing defect models to compare the various simulation tools and form a common ground for further studies. TCAD simulations have meanwhile been performed that can reproduce various experimental results on irradiated sensors like Transient Current Technique (TCT) [11] and edge-TCT [12] measurements, Charge Collection Efficiency (CCE) data obtained in test-beams [13] , avalanche effects in highly damaged devices [14] , isolation and breakdown effects close to
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RD50: Development of radiation tolerant silicon sensors Figure 1 : (a) TSC spectra for different electron energies measured on EPI-ST (1.5 MeV) and STFZ materials (3.5, 6, and 15 MeV) after annealing for 30 min at 80 • C, scaled to a fluence of φ = 6 × 10 14 cm −2 , and (b) introduction rate for E(30K) and H defects versus electron kinetic energy, after annealing for 30 min at 80 • C in STFZ and DOFZ materials [8] .
the device surface [15] and even Lorentz Angle shifts [16] . However, there is still a wide variety of parameter sets used to represent the radiation induced defect levels and a lack in consistency between measured defect data and parameters used in the simulations. The RD50 simulation working group is aware of these challenges and making good progress towards more consistent simulation input parameters. It can be rightfully stated that TCAD simulations are gaining in importance for the understanding of radiation damage and start to get predictive power for the performance of irradiated devices.
Characterization and Parametrization of the Electric Field
A lot of work has been invested in the parametrization of the effective space charge N e f f as function of particle fluence, annealing time and silicon material (see e.g. [17] ). Usually this parameter is obtained by extracting the depletion voltage V dep from a CV characteristics of the detector assuming a constant space charge within the sensor. However, TCT measurements have shown that this assumption is not valid and that the electric field shape within the sensor can be relatively complex. It would therefore be very profitable to have a parameterization of the electric field within the device. In combination with adequate trapping time parameterizations and the weighting field of the device under study more accuracy could be gained in predicting the charge collection efficiency and the sensor performance after irradiation. With the introduction of edge-TCT [18] the characterization of the electric field in irradiated sensors has taken a substantial step forward. In this technique a narrow pulsed infrared laser beam is scanned over the side (edge) of a segmented detector. In this way electron-hole pairs are created almost uniformly along the beam in a fixed depth of the sensor. The recorded TCT pulses as function of depth in the device can then be used to extract the sum of the electron and hole carrier velocities from the risetime of the TCT pulse. Examples of such depth scans for an irradiated p- type ministrip detector as function of bias voltage are shown in Figure 2 (a). For this detector the double-junction effect is clearly visible indicating that the space charge is negative underneath the segmented front (n + ) electrode at y = 0, while the space charge close to the back (p + ) electrode is positive. The edge-TCT measurements have proven to be very useful for benchmarking TCAD device simulations. Furthermore, they allow a new way to parametrize radiation damage. Rather than to parametrize the depletion voltage of a device, the electric field (or more precisely the free carrier velocity profiles) can be parametrized. In a first approach, a simple model has been assumed to represent the electric field in the device [19] . The model is based on the assumption that a region with constant space charge is located underneath each of the two electrodes. One region with negative space charge, one with positive space charge. The corresponding shape of the electric field profile (respectively velocity profile) is represented in Figure 2 (b). Between these two regions a neutral bulk with constant electric field is assumed. The lines indicated in the figure represent the parametrization of the drift velocity profile. Parameters are the drift velocities at the back and front electrode and within the bulk region as well as the start and the end of the neutral bulk region. Extending this parametrization over a wide fluence and irradiation particle type range (like previously done for N e f f ) in combination with a proper weighting field and a standard trapping model will allow a more precise prediction of the detector performance versus fluence than present N e f f models can do [19] .
Segmented sensors with readout on the n-implant (n-in-p and n-in-n sensors)
Within the RD50 collaboration n-in-p strip sensors 1 have been successfully developed and demonstrated to be more radiation tolerant than p-in-n sensors while offering at the same time an improved immunity against long-term room temperature annealing after high levels of irradiation (see e.g. [20] ). These were the most convincing arguments that brought ATLAS and CMS to the
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RD50: Development of radiation tolerant silicon sensors decision to make n-in-p sensors the baseline choice for their HL-LHC tracker upgrades. In view of the significantly increased area to be covered with pixel sensors in the HL-LHC vertex detectors and the corresponding pressure to reduce cost, a development on n-in-p pixel sensors has been started (see e.g. [21] ). Compared to the presently used n-in-n pixel sensor technology the n-in-p sensor technology is easier to produce and therefore less expensive, since a double-sided processing is not needed. Furthermore, the homogeneous backside of the n-in-p sensors is less problematic to handle, allows easier mounting of the sensors and enables easier wafer thinning methods. The latter are used to reduce the mass of the sensor and therefore the multiple scattering of particle in the inner tracking volume. The only potential drawback of this technology is the fact that spark protection has to be assured between the low potential of the readout chip and the edges of the sensor. However, feasible solutions have been developed and demonstrated to offer good protection up to more than 1000V. Prototypes of p-type pixel sensors have been produced, irradiated and successfully tested. As for n-in-n pixel sensors, it has been demonstrated that even after irradiation with a fluence of 10 16 n eq cm −2 enough charge is collected at the sensor electrode to produce a signal to noise ratio that allows for efficient particle tracking provided a sufficiently high voltage is applied [22] . Figure 3 gives an example of the signal measurements as function of applied voltage. P-type sensors are thus well suited to become a cost-effective sensor option for future radiation tolerant pixel detectors. A question under study is the optimal thickness of the sensors, which impacts on the one hand on the material budget, but on the other hand also on the signal. Surprisingly, recent measurements have shown that after high levels of radiation thin detectors can deliver even higher signals than thick sensors. This is demonstrated in Figure 4 for n-in-p-type pixel sensors with different thickness. It can be seen that for sensors exposed to 2 × 10 15 n eq cm −2 the optimal thickness is about 150 µm if 200-300 V are applied to the sensor. This striking result is originating from the fact that charge collection after extreme particle fluences is impacted by very strong charge trapping (charge loss) which reduces the advantage of thick sensors. Furthermore, thin sensors profit from the higher electric field strength at same voltage. 
Charge multiplication
The charge multiplication effect has been observed in several experiments on different irradiated detector types [24 -27] . It was found that the signal produced by a minimum ionizing particle (mip) or a laser beam in a highly irradiated silicon sensor operated under high bias voltage was higher than expected and in some cases even higher than the signal obtained on an identical nonirradiated sensor. The reason is found in the electric field strength close to the n-in-p junction of the sensors which is high enough to accelerate electrons beyond the onset of impact ionization. A detailed explanation of this effect and its surprising stability in operating below the device breakdown has been given in device simulations [28] . RD50 has taken up the challenge to understand if the charge multiplication effect can be exploited to obtain a higher signal to noise ratio for irradiated sensors. Two approaches have been followed so far. In a first attempt the properties of the n-p junction of strip sensors were modified by either changing the shape and concentration of the n + doping profile or by introducing a 5µm wide polysilicon filled trench with different depths in the middle of the strip implant [29] . However, while it could be clearly demonstrated that the junction engineering is a means to modify and tailor the multiplication effect there was a lack in understanding the systematics of the obtained results. For example, the collected charge did not scale in a systematic way with the depth of the trenches (see [29] ). Further experimental and simulation work is therefore under way to gain a deeper understanding of the junction engineering approach. In a second approach devices called Low Gain Avalanche Detectors -LGAD with an intrinsic gain factor of about 10 already before irradiation were produced [30] . The required high electric field is achieved with an additional p + doping layer under the n + front electrode. The device structure is therefore very similar to the structure of an Avalanche Photo Detector (APD) operated in linear mode. Figure 5 (a) shows a laser scan over the surface of a LGAD diode demonstrating a homogeneous gain of about 7 over the active area accessible to the laser beam [31] . First irradiation tests with neutrons [32] have unfortunately shown a loss of gain after irradiation. of 5 × 10 14 n eq cm −2 the gain was reduced from about 7 to about 3. Some experimental results are shown in Figure 5 (b) where the amplification of the radiation induced leakage current M I is plotted against the gain in signal M Q . Due to the charge trapping the amplification of the signal is smaller than the amplification of the leakage current, while without trapping M Q = M I is expected as indicated by the red line in the figure. For each data point the neutron fluence is given in the figure demonstrating the decrease of M Q with increasing fluence. Although the observed loss in gain is still under investigation, the most reasonable explanation seems to be that the Boron that is forming the p + amplification layer is removed (deactivated) due to radiation effects. With the loss of active boron the field strength in the amplification layer is decreasing and correspondingly the gain is reduced.
Summary
The RD50 collaboration has gained significant achievements in the understanding of radiation effects and the development of radiation tolerant silicon sensors. In this article recent progress in the characterization of microscopic radiation induced defects and their impact on the sensor performance, the evaluation and parametrization of electric fields inside irradiated sensors, progress in device modeling using TCAD tools, the use of p-type silicon as strip and pixel sensor material and finally the first steps towards the exploitation of impact ionization (charge multiplication) in irradiated sensors have been presented. Further very successful RD50 projects, like for example the development of sensors with slim edges or 3D sensors, the prediction of radiation damage for the LHC Experiments and the study of different silicon materials (EPI, MCZ, DOFZ, FZ) were not covered and can be found in other RD50 publications [2] .
